Tunnel field-effect transistors (TFETs) are designed for low off-state leakage and low drive voltages. To investigate how capable TFETs are of RF operation, we measured their scattering parameters and performed small-signal modeling. We find that in the low frequency ranges, gate oxide defects have a major influence on the RF performance of these devices, which can be modeled by a frequency-dependent gate-to-drain conductance g gd,ω . This model is based on charge trapping in gate oxide defects and was studied before for metal-oxide-semiconductor capacitors [1].
Modeling and Physical Explanation
Electrons can tunnel into and out of gate oxide defects from the channel and from the gate contact, and the tunnel time constant of this process, modeled as the frequency-dependent conductance g gd,ω , causes a phase shift relative to the small-signal voltage excitation. Above a certain frequency, the time constants of all defects is too long for the defects to respond to the small-signal excitation so that the effect decreases at higher frequencies. The phase shift effectively constitutes a loss in the RF power gain U (clearly visible in Fig. 2(c) ) and a shift of the real parts of the y-parameters (Fig. 2(a) ). This sensitivity to oxide defects can be used as a general material characterization method. In the case of TFETs, a frequency dependence only occurs in g gd , not in g gs , and with the example of Re(y 11 ) ≈ ω g gd,ω + ω 2 (C gs +C gd ) 2 R g with the parameters from the model in Fig. 1 (c) (without R s and R d ), the shift from the frequency-dependent part of g gd is evident. Constant contributions to g gd or g gs , representing gate leakage, were found to be negligible besides the frequency-dependent component of g gd . The asymmetry between source and drain provides insight into the charge distribution and transport mechanism of TFETs, since it indicates that the tunnel junction on the source side decouples the small-signal responses between source and channel. Furthermore, it indicates that the majority of the channel charge is supplied by the drain side, since increasing V DS depletes the drain side of the channel of charge so that the same variation due to gate oxide defects has less impact and g gd,ω decreases ( Fig. 3(a) ). The opposite happens when the amount of charge in the channel is increased by increasing the gate bias V GS for a constant V DS . This lowers the barrier from the drain towards the channel, allowing more charge carriers to enter the channel, and g gd,ω increases with the charge (Fig. 3(b) ). The same asymmetry between source and drain and the same bias dependence were observed for the intrinsic capacitances in TFETs, where the gate-to-source capacitance C gs turned out to be much smaller than the gate-to-drain capacitance C gd [4] . Different from g gd,ω , however, the intrinsic C gd eventually becomes zero at high V DS or low V GS , when the channel is completely depleted of charge. The reason why g gd,ω does not become zero in the same manner is probably the large parasitic capacitance between the gate metal contact and the n+ InAs drain layer (cp. Fig. 1 ). Since the gate oxide is not only adjacent to the channel, but also to the gate-drain spacer, there are parasitic losses in these layers as well, which remain present even when the channel is depleted of carriers.
In summary, we have analyzed and explained the effect of gate oxide defects on the RF performance of TFETs.
[1] Y. Yuan et al., IEEE-EDL, vol. 32, p. 485, (2011) .
[2] E. Memisevic et al., Nano Lett., vol. 17, p. 4373, (2017) .
[3] E. Memisevic et al., IEEE-TED, vol. 64, p. 4746, (2017) . 
